Abstract A significant percentage of breast cancer victims will suffer from metastases indicating that new approaches to preventing breast cancer metastasis are thus needed. Dietary stearate (ST) and chemotherapy have been shown to reduce breast cancer metastasis. We tested the complementary use of dietary ST with a taxol-based chemotherapy which work through separate mechanisms to reduce breast cancer metastasis. We therefore carried out a prevention study in which diets were initiated prior to human MDA-MB-435 cancer cells being injected into the host and a treatment study in which diets were combined with paclitaxel (PTX). Using an orthotopic athymic nude mouse model and three diets [corn oil (CO) control diet, low fat (LF) or ST] the prevention study demonstrated that the ST diet decreased the incidence of lung metastasis by 50 % compared to both the LF and CO diets. The ST diet also reduced the number and size of metastatic lung nodules compared to the LF diet. Results of the treatment study indicated that both the CO and ST diets decreased the number of mice with lung metastasis compared to the LF diet. Both CO and ST also decreased the number of lung metastases per mouse compared to the LF diet however only the ST diet cohort was significant. Histomorphometric analysis of the lung tumor tissue indicated that the ST diet plus PTX decreased angiogenesis compared to the LF diet plus PTX. In conclusion these results support combining diet with chemotherapy in both treatment and prevention settings.
Introduction
Breast cancer is the most frequently diagnosed solid tumor and the leading cause of cancer death in women worldwide [1] . Chemotherapy with paclitaxel (PTX) and other taxanes is a common treatment for breast cancer post surgical intervention. Studies have demonstrated clinical benefits with use of such taxanes for lymph node-positive, early stage or metastatic breast cancer [2] . The primary mechanism of action of the taxanes is to stabilize intracellular microtubules and prevent their disassembly. Since the reorganization of microtubules is essential to cell division, disruption of this dynamic causes the cells to arrest in the G2 phase of the cell cycle [3] . Even with chemotherapy ninety percent of cancer deaths are caused by metastases [4] . Approximately 1/3 of breast cancer patients have metastases to regional lymph nodes detected at initial diagnosis [5] . Breast cancer patients with metastases at the time of diagnosis have a median survival time of approximately 2-4 years. Also, 24-30 % of lymph node-negative and 50-60 % of patients diagnosed as lymph node-positive will suffer from either a local or distant relapse, indicating that a significant percentage of breast cancer victims will suffer from metastases [6] . Thus there is a need to develop new approaches for prevention and treatment of breast cancer metastasis.
Stearic acid, or stearate (ST), is an 18-carbon saturated fatty acid found in many foods in the western diet including beef, chocolate, and milk fats. In contrast to other comparable saturated fatty acids, such as palmitate (C16:0) as well as trans-fatty acids (TFA), ST does not increase plasma low density lipoprotein cholesterol (LDLc) concentrations [7] . Importantly LDLc is the primary target for cardiovascular disease risk reduction. One study concluded that the replacement of TFA with ST in foods that require solid fats would have a beneficial effect on LDLc [8] .
Interestingly, ST has been found to have 'anti-breast cancer properties' both in vitro and in vivo, inhibiting proliferation, migration, carcinogenesis, tumor invasion, and metastatic tumor burden [9] [10] [11] [12] [13] [14] [15] [16] [17] . The mechanism(s) whereby dietary ST inhibits breast cancer progression likely include signaling through a diacylglycerol/ protein kinase C pathway to cause apoptosis as well as inhibition of rho which is a member of the ras superfamily of small GTPases and a known oncogene [15, 17] . These studies suggested the possibility of dietary ST as a preventative agent and/or an adjuvant therapeutic strategy for breast cancer.
Metastasis is a complex process by which cancer spreads from a primary to a secondary site. Cancer cell migration, angiogenesis, and proliferation are all important components of this process [18, 19] . We hypothesized that since dietary ST and PTX have different mechanisms of action that they would be more effective when combined against breast cancer metastasis.
In these studies we explored the roles of dietary ST as a complementary dietary agent to PTX for both the treatment and prevention of breast cancer lung metastasis in an animal model.
Materials and methods

Animals and diets
Female athymic (nude) mice, 3-4 weeks old, were purchased from Harlan Sprague-Dawley, Inc. (Indianapolis, IN) and maintained in microisolater cages in our institutional pathogen-free facilities. Three diets were used for both studies: a low fat diet [LF, 5 % corn oil (CO)], a CO rich control diet (CO, 17 % CO) and a ST rich diet (ST, 17 % ST). The diets were prepared by Harlan-Teklad (Madison, WI). The ST and LF diets have been described previously [16] while the CO diet is the same as the ST diet except CO replaced ST. The dietary form of ST was Hystrene 9718 (a food grade product containing *97 % ST and *3 % palmitate) obtained from Chemtura. Middlebury, CT. The animals were fed ad libitum and the amount of food consumed was recorded. Mice were anesthetized by inhalation of 3 % isoflurane (Vet One, Meridian, ID) in 2.5 % O 2 in an induction box and weighed weekly. All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC), University of Alabama at Birmingham (UAB).
Cell culture MDA-MB-435 human breast cancer cells (obtained from Dr. Dan Welch; UAB, now at the University of Kansas, Cancer Center) were grown and maintained in DMEM:F12 supplemented with 5 % FBS, 2 mM glutamine, 1 mM sodium pyruvate, 0.29 non-essential amino acids and 1 % penicillin/streptomycin (5 % CO 2 ). Cells were grown to 80-90 % confluence prior to preparation for injection. To detach cells from the plates, cells were washed with PBS and then treated with 3 mM Versene (Invitrogen, Grand Island, NY). Cells were pelleted by centrifugation at 1,000 RPM for 5 min at room temperature and resuspended in Hank's buffered saline solution (HBSS). Cells were diluted to 10 7 cells/ml and kept on ice until the time of injection to prevent clumping.
Experimental design
Prevention studies
Our previous work indicated that dietary ST per se reduced metastatic tumor burden but had no effect on the incidence of metastasis [16] . The first experiment was designed to determine whether dietary ST initiated prior to the introduction of human cancer cells into the animal host would be more effective at preventing the incidence of breast cancer lung metastasis when combined with PTX treatment. Animals were divided randomly into one of three groups-a LF diet group, a CO diet group and a ST diet group with each group having 25-30 mice per group. All mice were placed on their respective diets 3 weeks prior to injection of breast cancer cells and these diets were continued until the end of the experiment. The primary tumors were removed at 9 weeks post-cancer cell injection. Chemotherapy using 20 mg/kg PTX once a week for 3 weeks was started 1 week after surgical excision of primary tumors. Mice were sacrificed and the lungs collected 1 week after the last PTX dose (Fig. 1a) .
Treatment studies
The second set of experiments was designed to test the efficacy of PTX combined with the ST diet as a treatment for breast cancer metastasis. This set of experiments was done similarly to the previous set except all mice were kept on the same LF diet until after the primary tumor was removed. At that time the mice were divided into six groups of 25-30 mice per group and CO and ST diets were initiated. Three of dietary groups (LF, CO and ST) were treated with diet alone while the other three were treated concomitantly with the same diets plus PTX. Again, all studies were started 1 week after the primary tumor was surgically excised. As in the first set of experiments 3 rounds of 20 mg/kg PTX, once per week for 3 weeks, were given and the mice sacrificed 1 week after the last PTX treatment (Fig. 1b) .
Mammary fat pad injections
Animals were anesthetized by inhalation with 3 % isoflurane plus 2.5 % O 2 in an induction box. The right chest skin was cleaned with a betadine solution (10 % povidoneiodine). A small incision was made between the right 2nd and 3rd mammary fat pads and 10 6 MDA-MB-435 cells suspended in HBSS were injected into the 2nd mammary fat pad using a 27 mm gauge needle (final volume of 100 ll). A single wound clip was used to close the incision and removed the following week.
Chemotherapeutic intraperitoneal injections
The animals were anesthetized as detailed above. The abdominal skin was cleaned with a betadine solution. PTX from LC Laboratories (Woburn, MA) was dissolved in Cremophor EL:ethanol (1:1, v:v) and then diluted with sterile physiologic saline to a final concentration of 0.5 mg/ml. The drug dosage for both experiments was 20 mg/kg, delivered in a final volume of 1 ml, injected intraperitoneally.
Tumor measurement
After the breast cancer cell injections, mice were monitored weekly for the development of primary tumor masses. Once the tumors became visible (1-2 weeks postinjection), they were measured using a digital caliper. The ) at which time the primary tumors were surgically removed (9 weeks post-injection). Chemotherapy with 20 mg/kg paclitaxel, once a week for 3 weeks, was started 1 week after the surgery. The animals were allowed to develop metastases for 3 weeks, sacrificed and the lungs were collected. b Treatment study: all mice were kept on the LF diet until 1 week after the primary tumors were surgically excised. At this time the CO and stearate (ST) diets were started concomitantly with chemotherapy as described in part a. The resulting dietary groups were: a LF diet group, a CO diet group, a ST diet group, and these same diets plus chemotherapy tumor volume was estimated using the equation for a prolate ellipsoid where volume = p (4/3) (length/2) (width/2) [(length ? width)/4].
Tumor excision
The animals were anesthetized as described above. The skin overlying the mammary tumor area was cleaned with a betadine solution and an incision was made circumferentially around the tumor down to its base. The tumor was removed and the wound was closed using wound clips which were removed 1 week later.
Necropsy
At the end of all experiments, mice were anesthetized with a combination of ketamine (100 lg) and xylazine (20 lg) and then decapitated. The lungs were dissected from the mice and stored in 10 % buffered formalin prior to counting all visible tumors on all surface of the lungs. Two blinded examiners did the counting separately and the combined mean of data from both examiners was used for analysis.
Lung metastatic tumor size measurement Lungs were placed under the dissecting microscope (Fisher Scientific, Hanover Park, IL) for measurement of metastatic tumor size. Tumor size was expressed as the mean of the longest and shortest diameter so that if the first measurement was 0.04 cm and the second 0.02 cm, the size was recorded as 0.03 cm. The tumors were split into three groups according to their sizes (\0.1 cm, small tumor; 0.1-0.2 cm, medium tumor;[0.2 cm, large tumor), and the number of tumors per mouse were counted separately.
Immunohistochemistry
Paraffin sections of the lung tumors were prepared as previously described [21] . Five micrometer thick sections were cut from the formalin fixed, paraffin embedded tissue blocks and floated onto charged glass slides (Super-Frost Plus, Fisher Scientific, Pittsburgh, PA) and dried overnight at 60°C. A hemotoxylin and eosin stained section was obtained from each tissue block. All sections for immunohistochemistry were deparaffinized and hydrated using graded concentrations of ethanol to deionized water.
CD31 immunostaining was performed as previously described [21] . Briefly, the tissue sections were pretreated with 0.5 M tris buffer (pH 10). All sections were washed gently in deionized water, then transferred into 0.05 M Trisbased solution in 0.15 M NaCl with 0.1 % v/v Triton-X-100, pH 7.6 (TBST). Endogenous peroxidase was blocked with 3 % hydrogen peroxide for 10 min. To reduce further nonspecific background staining, slides were incubated with avidin (Jackson ImmunoResearch, West Grove, PA) and biotin blocking solutions (Sigma, St. Louis, MO) for 15 min each, and 3 % normal goat serum (Sigma, St. Louis, MO) for 20 min. Slides were then incubated at 4°C overnight with rabbit polyclonal antibody against CD31 (1:200 dilution; Abcam, Cambridge, MA). After washing with TBST, biotinylated goat anti-rabbit IgG (1:1,000; Jackson ImmunoResearch, West Grove, PA) was applied to the sections for 30 min at room temperature. Sections were then incubated with Strepavidin-HRP (Sigma, St. Louis, MO), for 30 min, at room temperature. Diaminobenzidine (DAB; Scy Tek Laboratories, Logan, UT) was used as the chromagen and hematoxylin (Richard-Allen Scientific, Kalamazoo, MI) as the counterstain.
Ki67 and caspase-3 immunostaining were carried out according to the protocol from the manufacturer (Cell Signaling, Danver, MA). Briefly, the tissue sections were subjected to pretreatment with 0.01 M sodium citrate buffer (pH 6). All sections were washed gently in deionized water, and then transferred into TBST. Endogenous peroxidase was blocked with 3 % hydrogen peroxide for 10 min. To reduce further nonspecific background staining, slides were incubated with 3 % normal goat serum for 1 h. All slides were then incubated at 4°C overnight with rabbit monoclonal antibody against cleaved caspase-3 (1:200 dilution) or rabbit polyclonal antibody to Ki67 (1:200, Abcam, Cambridge, MA). After washing with TBST, Signal Stain Boost IHC Detection Reagent (Cell Signaling, Danvers, MA) was applied to the sections, for 30 min, at room temperature. Diaminobenzidine was used as the chromagen and hematoxylin as the counterstain. A negative control was produced by eliminating the primary antibody from the diluents. Bioquant Ò Image Analysis software (Rtm Biometrics, Nashville, TN) was used to quantitate the immunostaining. For Ki67 and caspase-3 immunostaining, three hot spots (1 lM 2 ) were first selected at 49 magnification. The numbers of positive and negative cells in these hot spots were then counted and averaged at 409 magnification. The percentage of cells stained with Ki67 or caspase-3 was subsequently calculated. For CD31 immunostaining, the MVD was measured based on Weidner's method [20] . Briefly, three hot spots (4 lM 2 ) were selected at 109 magnification. The number of microvessels in these hot spots was counted at magnification 409, and the density then calculated. Each positive endothelial cell cluster of immunoreactivity was counted as an individual vessel in addition to the morphologically identifiable vessels with a lumen.
Statistical analysis
Data were presented as the mean ± SEM. SigmaStat 3.1 Ò software program was used for statistics. The statistical comparisons of the number of lung metastases were performed by one-way analysis of variance (ANOVA) supplemented with the Holm-Sidak test. Two-way ANOVA was used to examine the interaction between the PTX chemotherapy and ST diet therapy. We used v 2 to evaluate the incidence of lung metastasis. The significant differences were set as p \ 0.05.
Results
Food intake and weight gain for both studies Diets were the same for both studies. The low fat (LF) diet was not isocaloric with the CO or ST diets; however, the CO and ST diets were isocaloric. Therefore we monitored food consumption and weight gain. In the first (prevention) study, the LF diet mice consumed the most kilocalories/day (0.99 kcal/day), followed by the ST diet animals (0.81 kcal/day), and then the CO diet mice (0.67 kcal/day) (Fig. 2a) . Despite these differences in food intake, there was no significant difference in weight gain among the diet groups (Fig. 2b) . It is unclear why mice with lung metastasis did not lose weight, especially after receiving chemotherapy. One possible answer is that since the metastases numbers were not large the mice may have tolerated chemotherapy well and did not experience cachexia.
In the second (treatment) study LF diet mice, as we observed in the first study, consumed the most (0.91 kcal/ Food intake and weight gain. a In the prevention experiment, the LF diet fed mice consumed the most kilocalories/day (0.99 kcal/ day), followed by the ST diet mice (0.81 kcal/day), and then the CO diet ingesting mice (0.67 kcal/day) (*p \ 0.01, LF vs. other diet groups; #p \ 0.01, CO group vs. ST diet group). b Despite differences in food intake, there was no difference in weight gain among the diet groups. c In the treatment study, the LF diet mice consumed the most (0.91 kcal/day) as we saw in the prevention trial, while the mice on the CO diet plus chemotherapy (PTX) consumed the least (0.58 kcal/day). The mice in the other groups consumed 0.70-0.75 kcal/day (*p \ 0.01, LF vs. other diet groups; #p \ 0.01, CO plus PTX vs. CO diet only group). d In the treatment study the weight of the mice from the LF group was higher than the mice from the other groups after diet therapy started (*p \ 0.01, LF vs. other diet groups)
Clin Exp Metastasis (2014) 31:625-638 629 day), while the mice on the CO diet plus PTX consumed the least (0.58 kcal/day). Mice in the ST group consumed 0.75 kcal/day (Fig. 2c) . There was no difference in the weight of the PTX plus diet groups, in fact, there was no difference between the CO or ST diets alone and among all of the PTX plus diet groups (5 groups). However, the LF diet alone group did show a significant gain in weight at week 16 which was maintained until the end of the experiment (Fig. 2d) . This increase may have been due to the increased metastatic tumor burden seen with the LF diet (see ''Discussion'').
Study #1 (prevention)
When dietary ST was initiated before the introduction of cancer cells, the primary tumor size was reduced compared to LF diet (Fig. 3a) . We have observed this same effect previously however the incidence of breast cancer lung metastasis was not affected by the ST diet or any other diet tested per se [16] . Thus, our primary end point for this study was the incidence of lung metastasis when combining diet and chemotherapy. We found that PTX with the LF diet reduced the incidence of lung metastasis by approximately 50 %. In previous studies by us using the same LF diet, breast cancer cells and mice showed that 90 % of mice developed metastases [16] . As shown in Fig. 3b , when all diets were complementary to PTX, mice on the ST diet had *50 % fewer animals with lung metastasis as compared to the LF or CO diet groups (p \ 0.05). When considering the entire cohort of mice both the ST and CO diets plus PTX had a reduced number of lung metastases when compared to mice on the LF diet, The number of mice with lung metastases was counted following necropsy, and the incidence of lung metastasis determined. Mice on the ST diet had a significantly decreased incidence of lung metastasis as compared to the LF or CO diet groups (n = 25-30 animals per diet; *p \ 0.05). Percentages are compared to the LF control without chemotherapy (see Fig. 4b ). however, only the ST diet plus PTX reached significance (Fig. 3c) . When only mice that developed tumors in each diet group are considered the average number of tumors per mouse was 6.4 (LF diet plus PTX), 4.8 (ST diet plus PTX), and 2.1 (CO diet plus PTX). The only significant difference in these numbers is that CO diet plus PTX is significantly less than the LF diet plus PTX (p \ 0.0063). Mice with tumors on the ST and CO diets plus PTX also had fewer lung metastases of every size when compared to LF diet plus PTX (Fig. 3d) . However, only the ST diet plus chemotherapy reached statistical significance, having fewer small size tumors than the LF diet plus PTX. One possible reason for the lack of a significant effect of CO diet plus PTX is that the response to this diet is more variable than what is seen with the ST diet plus PTX. Summarizing, in terms of prevention, the ST diet dramatically reduced the incidence of lung metastasis compared to the other two diet groups when PTX was used for treatment. In addition, both the ST and CO diets both reduce metastatic tumor burden compared to the LF diet.
Study #2 (treatment)
In the second set of experiments all mice were kept on the LF diet until the unique diets were offered with PTX 1 week after the primary tumor was removed. This is similar to the timing of chemotherapy that occurs in many women with breast cancer. Importantly, all groups were shown to have no significant differences in the volume of primary tumors prior to the diet changes plus chemotherapy (4A). As shown in Fig. 4b , mice receiving no chemotherapy but switching to both the ST and CO diets alone had a significantly reduced incidence of lung metastases when compared to the LF diet group alone. Switching diets and adding chemotherapy yielded a further constant lowering of the incidence of lung metastases regardless of the diet (Fig. 4b) . Importantly there was no significant difference between CO and ST with or without PTX in terms of percentage of mice with metastasis. When the number of metastatic tumors per animal was compared as a cohort, chemotherapy significantly reduced the number of lung metastases for all diets (Fig. 4c) . Also as shown in Fig. 4c As shown in Fig. 4d , mice on the ST diet plus PTX had reduced numbers of small, medium and large lung metastases compared to LF diet animals without PTX. The ST diet per se also resulted in a reduced number of lung metastases compared to LF diet alone animals.
Interestingly the CO diet plus PTX mice had significantly decreased numbers of medium and large size lung metastases compared to the LF diet without PTX mice.
Thus, in the adjuvant treatment setting, the CO and ST diets were both effective at reducing the incidence and tumor burden and the diets were significantly more effective with chemotherapy. In order to investigate possible mechanisms whereby diets were inhibiting lung metastasis, we examined the effect of diet and PTX on angiogenesis, cell proliferation and apoptosis.
The effect of PTX and diet on angiogenesis CD31 immunostaining was used to quantify metastatic lung tumor angiogenesis from mice in study #2. As shown in Fig. 5a-f , tumors from the ST diet and the ST diet plus PTX mice have reduced numbers of microvessels when compared to the other dietary groups. The diets per se did not affect microvessel density (MVD). Although both CO and ST diets decreased MVD, neither was significant (Fig. 5g) . As a group, PTX treated mice had decreased MVD regardless of the diet and when combined with the ST diet further reduced MVD as compared to the LF diet plus PTX.
The effect of PTX plus diet on proliferation As shown in Fig. 6a-f , lung tumors from mice receiving chemotherapy, as a group, had fewer Ki67 positive cells, while diets alone did not influence proliferation in a statistically significant manner (Fig. 6g) .
The effect of chemotherapy and diet therapy on apoptosis Caspase-3 immunostaining was performed to evaluate apoptosis in metastatic lung tumors. As shown in Fig. 7a g, tumors from both the ST and CO diet only groups had significantly more caspase-3 positive cells compared to the LF diet. However, in the presence of chemotherapy, no difference was observed among these three diet groups although PTX exposure did increase caspase-3 positive cells when compared to LF diet alone.
In summary CO and ST diets used as an adjuvant treatment appear to be decreasing the incidence and/or tumor burden associated with lung metastasis by increasing the apopotosis and decreasing angiogenesis of metastatic lung tumor cells. 4 The effects of diet and chemotherapy on lung metastasis in the treatment study. a All mice were kept on the LF diet until the primary tumor was removed. There was no significant differences in primary tumor volumes prior to diet changes and chemotherapy (25-30 animals per diet; *p = 0.095). b Mice on both the ST and CO diets alone had a significantly reduced incidence of lung metastases compared to LF diet group (n = 25-30 animals per diet; *p \ 0.01). Mice receiving chemotherapy (PTX) had a significantly lower incidence of lung metastases under all diet conditions (#p \ 0.01, LF diet plus PTX group vs. LF diet alone, CO diet plus PTX group vs. CO diet alone, and stearate diet plus PTX group vs. stearate diet alone). c Both chemotherapy and the ST diet significantly reduced the number of lung metastases (PTX vs. no PTX group, p \ 0.01; ST vs. LF diet group, *p \ 0.05). Although the number of metastases was also decreased in the CO diet groups, significance was not reached. d Mice on CO diet plus PTX and mice on the ST diet plus PTX had significantly decreased numbers of medium and large size lung metastases compared to the LF diet mice. The number of small sized tumors was also significantly decreased in the ST diet alone and ST diet plus PTX groups compared to LF diet. (*p \ 0.05) apoptosis. In animal models dietary ST has been shown to prevent carcinogenesis as well as reduce both breast cancer and its metastatic tumor burden [9, 10, 16, 17] . The present investigation was designed to extend these studies by examining dietary ST as a potential complementary agent when used with breast cancer metastasis chemotherapy (PTX). Specifically, two sets of experiments were designed to test for complementary dietary prevention and treatment roles.
The treatment study indicated that both high fat diets reduced the incidence of metastasis compared to the LF diet either with or without concomitant PTX treatment. This was a surprising finding since none of our previously tested diets including the ST diet reduced the incidence of metastasis in this model. The difference in this study is that the high fat diets were given after removal of the primary tumor and all mice were fed the LF diet up to that point. Thus, the CO and ST diets were acting on cancer cells that groups. g When microvessel density (MVD) was measured and compared by two-way ANOVA, the data again showed that in the presence of PTX chemotherapy, lung tumors from the mice fed with ST diet had significantly reduced MVD when compared to the PTX group fed with LF diet (*p \ 0.01). In the absence of chemotherapy, although the MVD was decreased in both ST and CO diet groups, significant difference was not observed had developed into tumors while being exposed to the LF diet as were all host cells. The LF diet may have selected for a metastatic cancer or ''seed'' that was not well adapted for a high fat diet. Alternatively the stromal cells or ''soil'' may have developed in such a way that the high fat diet treatments were less able to support metastasis. Mechanistically, it is possible that the LF diet favors cell survival or angiogenesis compared to the high fat diets. Consistent with the former possibility, both high fat diets increased lung tumor apoptosis compared to the LF diet. This result is consistent with our in vitro studies indicating that ST specifically induces apoptosis of breast cancer cells [15] . The latter possibility is also supported for the ST diet as we found reduced angiogenesis in the lung metastasis of ST diet mice. ST inhibition of angiogenesis is also supported by our previous studies which found that ST reduced Rho activity and expression in human breast cancer cells as well as mammary cancer cell expression in a rat model of carcinogenesis [17] . Rho may act as an oncogene and tumor endothelial cells have increased Rho activity compared to non-cancer derived endothelial cells. Rho further, may regulate anchorage independent growth and the tumor microenvironment by regulating shape dependent growth [21] . Rho has also been linked to tumor cell migration and invasion [22] as well as angiogenesis [23] . In fact, intratumoral injections of anti-RhoA and anti-RhoC siRNAs virtually eliminated breast cancer cell growth and angiogenesis in a nude mouse model [24] . It is not clear what the precise mechanism is whereby the CO diet induced apoptosis of lung-associated tumor cells since generally CO has been found to be tumorigenic in rodent models [25] and associated with increased tumor burden and metastasis [26] . One possible explanation is that the tumors developed in a high carbohydrate diet environment and, when switched from a high carbohydrate diet to a high fat diet, either ST or CO mice, were unable to adapt to this change possibly due to the switch in major energy source. The connection between carbohydrates and cancer is well documented, all the way back to the experiments of Warburg et al. [27] in the 1920's his experiments demonstrated that tumors, unlike normal tissues, converted large amounts of glucose to lactate via aerobic glycolysis. The reasons often given for why tumors prefer glycolysis over oxidation include: (a) being able to grow in a hypoxic environment, (b) glycolysis avoids the reactive oxygen species produced by oxidation, (c) glycolytic metabolites can be processed via the pentose phosphate pathway into nucleic acids and lipids, (d) glycolysis does not depend on the mitochondria and therefore tumor cells may evade mitochondrial induced apoptosis, (e) the genes and pathways involved in a highly active glycolytic process are also anti-apoptotic, and (f) the lactate produced by glycolysis creates an acidic environment which promotes tumor aggressiveness via metastasis. The idea of carbohydrate restriction for the treatment and prevention of cancer has been discussed in the literature [28] and may account for the beneficial effects of CO as well as ST in our studies. In general, these dietary studies support a strong role for the ability of diet to influence metastasis whether it is a ''pre-cancer'' diet, a diet change when cancer is removed, or whether the diet change when cancer is removed is accompanied by chemotherapy.
Unlike the diets alone, PTX, as expected, inhibited breast tumor cell proliferation in the lungs irrespective of diet which is consistent with its mechanism of action. Importantly, when the high fat diets were combined with PTX, they had an additive effect reducing the incidence of lung metastasis from 90 % to less than 50 %. This suggests that the diets are likely working through a different mechanism than PTX. Whereas PTX acts through destabilization of microtubules, the ST and CO diets appear to be working via inhibition of angiogenesis and increasing tumor cell apoptosis. Overall, these results indicate that both high fat diets increased the effectiveness of chemotherapy when given concomitantly in the setting where cancer has developed with a LF diet.
This study also raises the question of whether establishing a high fat diet prior to cancer development will also enhance chemotherapy or whether the benefit will be lost as cancer cells might develop preferentially in the presence of such a high fat diet. A previous study that took this approach demonstrated that the ST diet was able to reduce the metastatic lung tumor burden but not the incidence of metastasis itself, although this study did not use chemotherapy [16] .
Interestingly, the results of the prevention study herein, which initiated the high fat diets prior to injecting cancer cells, indicate that the ST diet but not the CO diet has a dramatic effect with PTX in reducing the incidence of mice with lung metastasis to *25 %. This is a remarkable reduction since the treatment study indicated that the overall incidence is 93 % for mice on the LF diet. Since we know that the ST diet per se does not alter the incidence of lung metastasis in this model [16] and that PTX treatment alone results in a 40-50 % decrease in the incidence of lung metastasis, these results indicate chemotherapy and diet can be more effective than either alone. One consideration is that in the prevention study the primary tumor size, as expected, was reduced with the ST diet compared to both the LF and CO diets. In the treatment study this was not an issue as all mice grew primary tumors to the same size on the same LF diet. Thus the reduced incidence of mice with lung metastasis seen with only the high fat diets cannot be attributed to primary tumor size. Since this effect is not seen when the high fat diets are given prior to the introduction of cancer cells without chemotherapy, it is possible that there is a dietary effect on the ''soil'' in which the primary tumor develops that is an important factor for regulating metastasis. Perhaps the inhibition of angiogenesis is accounting for the results in both the treatment and prevention experiments.
The significance of these studies comes from the potential for diet to alter breast cancer metastasis either alone or more importantly with chemotherapy. Our results suggest that diet plus chemotherapy may be more effective than chemotherapy alone.
While the high fat diets used in these experiments are *40 % of calories (*20 % by weight), this is not unlike the western diet. Since the ST diet was particularly effective in the prevention study it may be worthwhile exploring the possibility of a long term ST diet. Unlike other saturated fatty acids, such as palmitate (C16:0), ST does not increase plasma LDLc concentrations [7] . A recent review of epidemiologic and clinical studies evaluated the relation between ST and cardiovascular disease risk factors to determine the feasibility of replacing TFA with ST. They found that in foods that require solid fats the replacement of TFA with ST would have a beneficial effect on LDLc which is the primary target for CVD risk reduction [8] . While this sounds promising caution should be taken. Future studies need to address the optimum effective treatment concentration and safety of any such ST diet. Nevertheless epidemiological and animal studies have demonstrated a neutral or protective effect of ST with respect to the risk of breast cancer. A cohort study of post-menopausal women showed that both ST alone and the ST/oleate ratio were negatively associated with breast cancer risk [29] . A more recent study using dietary ST in the NMU rat breast cancer carcinogen model found that ST reduced the incidence of NMU induced mammary cancer (i.e. carcinogenesis) and the overall tumor burden [17] .
The mechanisms by which the combination of PTX and ST generate their combined effect in reducing the incidence of mice with lung metastasis are unclear. This work and one of our previous studies have shown that without PTX chemotherapy, the anti-metastatic effect of ST may be due, at least in part, to the ability of ST to induce apoptosis in human breast cancer cells [15] . However, in the presence of PTX, the ST effect on apoptosis becomes insignificant. Importantly the levels of apoptosis are quite high in these tumors with only the high fat diets suggesting the possibility of a maximum amount of caspase activity being reached with diet alone. Although inhibition of cancer cell proliferation was found to be an important effect of ST in vitro [13] , neither of the high fat diets enhanced the ability of chemotherapy to inhibit proliferation indicating that this is not one of properties that improved chemotherapy effectiveness.
Our present study showed that inhibition of angiogenesis may be an important mechanism for both high fat diets although the MVD in lung tumors was found to be significantly decreased only with chemotherapy. One of the critical steps of angiogenesis is the proliferation of vascular endothelial cells [30] , and it has been shown that angiogenesis may be inhibited by selective induction of apoptosis of proliferating endothelial cells [31, 32] . Others have already demonstrated that ST increased endothelial cell apoptosis in a time and concentration dependent manner [33, 34] .
We refer to the model used herein as a model for breast cancer metastasis however it should be noted that there is an ongoing debate as to whether the MDA-MB-435 cell line used in this study is a breast cancer cell line [35, 36] or one that is derived from the M14 melanoma cell line [37, 38] . Although this may be considered a limitation of the present study, regardless of cell type, most consider this cell line to be useful as a model of metastasis, and as such, combining diet and chemotherapy to more effectively reduce metastasis is a significant finding.
Another possible limitation of these studies is that athymic nude mice were used. Although they are necessary for studies involving metastatic human cancer cells they have a deficient immune system. Since fatty acids are known to affect the immune system and the immune system can affect tumor development and metastasis it is possible that mice with an intact immune system would have different results.
In summary, both CO and ST diets reduced the breast cancer lung metastatic tumor burden in association with PTX chemotherapy and the ST diet also reduced the incidence of lung metastasis in the prevention study. The ST and CO diets were also both effective at decreasing metastatic tumor burden and incidence of lung metastases in the treatment study. This is likely due to the high fat diets causing apoptosis of tumor cells and reducing angiogenesis. These results provide ''proof of principle'' that diet can be combined with chemotherapy in either a treatment or prevention setting.
